Abstract-Space, cost, and signal processing constraints, among others, often preclude the use of multiple antennas at wireless terminals. This paper investigates distributed decodeand-forward fixed relays (infrastructure-based relaying) which are engaged in cooperation in a two-hop wireless network as a means of removing the burden of multiple antennas on wireless terminals.
I. INTRODUCTION
T HE future wireless systems are envisaged to offer ubiquitous high data-rate coverage in large areas. To meet such ambitious demands, fundamental changes in system design and deployment as well as incorporation of advanced signal processing techniques are required to enable novel and effective ways of collection, distribution and utilization of wireless terminals' signals [1] , [2] .
Multi-antenna techniques are well studied; a number of promises in these schemes are documented in [3] - [5] . Their application to wireless systems often encounters numerous implementation problems. For example, an element spacing of half the carrier wavelength is required to ensure uncorrelated signals. The future wireless terminals are expected to be small and light. The small size feature limits the spatial separation needed by multiple antenna systems for their optimal performance. The lightweight feature limits the power capability and signal processing that the terminals can support. Hence, the deployment of a large number of antennas on wireless terminals is not feasible, at least in some networks. In addition, efficient power utilization continue to be of great priority in wireless terminals. Therefore, novel techniques for exploiting network resources through the cooperation of nodes, known as cooperative diversity or antenna sharing, are being considered. The interest in this area is steadily growing, thus spawning a surge of publications on relaying and cooperative relaying networks in [1] , [2] , [6] - [15] .
The idea behind cooperative communication dates back to the classical and motivating work of Meulen [16] and Cover and El-Gamal [17] on relay channels. Their theoretical exposition assumes full-duplex, and therefore expensive relays. However, upon relaxing this condition, their work provides the important basis for the cooperative schemes and protocols for inexpensive wireless relay networks that have gained prominence recently [1] , [2] . In [1] , Laneman and Wornell discuss a cooperative protocol for combating multipath fading. This protocol exploits the spatial diversity available among a collection of distributed terminals that assist one another. The work in [2] presents a similar treatment referred to as user cooperation diversity. It also highlights a practical implementation of the cooperation scheme in the framework of CDMA systems.
In the IEEE 802 wireless world framework, a number of working groups are focusing on developing mesh-enabled standards such as IEEE 802.11s -WLAN (Wireless Local Area Network), IEEE 802.15.5 -WPAN (Wireless Personal Area Network), Mesh Networking, IEEE 802.16j -WMAN (Wireless Metropolitan Area Network), and IEEE 802.20 -MBWA (Mobile Broadband Wireless Access). In addition to these on-going standardization efforts, various proprietary mesh/relay network solutions in the unlicensed bands are also being developed by the industrial players. The emergence of the relay-enabled standards in the IEEE 802 family is likely to result in much higher interest and activity for relay-based communications. Already, the WINNER project is developing a relay-enabled deployment concept for the next generation broadband mobile radio access. Their relay deployment strategy is expected to integrate wide area and short range scenarios closing the gap between WLAN-type and cellular systems [18] . It is important to note that the WINNER project focuses mainly on infrastructure-based relay deployments.
This paper presents how infrastructure-based fixed relays with/without multiple antennas can be used for providing diversity gains for a wireless terminal which, otherwise, has limitations in the number of antennas that it can bear. Single antenna relaying is a special case of this set-up. Thresholdbased maximal ratio combining (MRC) and threshold-based selection combining (SC) of these multiple antenna signals at the relays are examined and analyzed. Threshold decoding is employed as an additional measure towards combating error propagation. Finally, the paper uses the versatile Nakagami channel model in the analyses in contrast to the Rayleigh fading model which is commonly analyzed. By adopting the Nakagami model the analyses is thus applicable to relaying under a wide variety of channel scenarios, with the Rayleigh channel model serving as a special case. A multi-antenna relay scheme is discussed in [9] but with a number of differences between the present work. Firstly, the relays in [9] do not cooperate but the antennas at each relay do the cooperation. Secondly, the network capacity has been used as their performance criterion.
The following main results are derived. The cooperative diversity strategy employed as an add-on to infrastructurebased relays (which might be deployed primarily for high data rate coverage extension) can provide a small wireless terminals with the advantages of spatial diversity without the need for the physical antennas at these wireless terminals. For a given performance requirement, the multiple antennas at relays can tremendously reduce the number of relays required in a network area, thereby, reducing system deployment cost. Threshold SC at the relays represents an excellent compromise between performance and complexity. It is found that a minimum of two antennas are required at the relay to yield an E2E diversity order equal to the number of relays plus one. Furthermore, it is observed that with a large number of antennas at the relays, threshold decoding is not necessary. However, for a small number of antennas, the choice of threshold becomes crucial.
In the next section the system model, the relaying protocol and the channel model are presented. Section III motivates possible modifications at the relay level that could address the bandwidth inefficiency of repetition-based protocol for multirelay schemes. Following the E2E error performance formulation, some numerical results on decode-and-forward probability of relays are discussed in Section IV. The error probability calculations at the relays are presented in Section V. This is followed by numerical examples and discussions on E2E system performance in Section VI. Finally, conclusions are drawn in Section VII.
II. THE SYSTEM OF MULTI-ANTENNA MULTIPLE RELAYS
The conventional fixed protocol decode-and-forward (DF) relay network is shown in Fig. 1(a) where the destination relies only on the signal from the relay. The two-hop system architecture consists of N R threshold decode-and-forward (TDF)-based fixed relays each carrying L diversity antennas ( Fig. 1(b) ). The scenario referred to as symmetric network, as opposed to the asymmetric one, is considered. The symmetric networks assume that all links (source-relay, relay-destination, and source-destination) experience independent but statistically identical channels with the same mean pathloss.
The employed protocol operates as follows. In the first time slot, the source broadcasts a signal that is received by both destination and relays. The destination stores this signal for future processing. The received L signals at each relay are processed using either SC or MRC diversity technique, depending on the processing complexity that the relays possess. Whether SC or MRC is used, the relay checks the SNR of the received signal against a preset threshold. The relay decodes and forwards only when this SNR is greater than this threshold.
In the second time slot, the relay either does or does not forward a new (regenerated) signal to destination. If at least one relay forwards, the destination MRC combines the delayed buffered signal received in the first time slot with the new versions from the relays. It is assumed that only one antenna is utilized at each relay for forwarding. The SC detection-based relay requires one receiver chain in contrast to MRC detectionbased relay which requires a separate receiver chain for each antenna [19, pp. 262] . A single transmitting antenna is adopted to keep the cost comparable to a conventional single antenna relay network where one receiver chain is required. Using one transmit antenna provides a basis for fair comparison between a single antenna relaying which uses one transmit antenna. The relays, however, could employ the multiple antennas in an "intelligent" transmit beamforming. Should this be the case, the system performance could be improved which will further increase the attractiveness of multi-antenna relays.
III. SYSTEM COMPLEXITY AND BANDWIDTH PRESERVATION
A multi-relay scheme employing repetition-based protocol could require enormous bandwidth since each relay requires its own sub-channel in the form of orthogonal time slots for time division multiple access (TDMA) or different frequency slots for frequency division multiple access (FDMA) applications. For a large number of relays, the bandwidth efficiency of such schemes might be so low to the extent that the bandwidth penalty could outweigh the advantages of the multi-relay scheme. To avoid such an inefficient use of the bandwidth, possible modifications on the conventional relays are necessary.
The multi-relay system could use simulcast techniques, where in the second hop the relay set (those with SNR greater than the threshold) simultaneously transmits their signals after being appropriately processed. For instance, the relay could use a finite impulse response (FIR) to filter the input symbols prior to performing a linear-type digital modulation scheme such as MPSK, MQAM, and others. The impulse responses of these relay-embedded filters are different from one relay station to another. However, they are designed to meet the necessary conditions to exploit the maximum diversity gain of MRC. In this case a form of orthogonality is achieved, in terms of filter responses, not in terms of time or frequency slots which are bandwidth-intensive. This transmit modulation diversity strategy is shown to be a fraction of 1 dB inferior to the classical MRC receive diversity [21] . More details on the filter design can be found in [21] , [22] .
Another possible strategy is the coherent cooperative transmissions from multiple adjacent nodes proposed in [23] , where prior to transmission of the signals, these multiple nodes adjust their transmission characteristics, for example, phases and symbol timings, so that their signals add up coherently at the destination. In fading channels, however, this adjustment is based on the a priori knowledge of the forward channel which can be obtained through feedback from the BS in TDD-based systems.
The modifications (complexities) discussed above may be considered in the deployment of the multi-antenna multi-relay schemes in order to avoid bandwidth expansion involved in the repetition or round-robin transmission protocols. The amount of complexity of relays would depend on how much bandwidth the system designer is prepared to exchange for lower system complexity.
IV. FORMULATION OF SYSTEM END-TO-END ERROR PERFORMANCE
We define a general link in the network as a node i communicating with another node j. A node could correspond to the source, a relay or the destination. The received signal at node j transmitted from node i can then be written as r ij = r i−→j = h ij x i + n j , where x i is the signal emanating from node i, h ij is the channel gain between node i and node j and n j is the additive white Gaussian noise (AWGN). For a relay in a multi-antenna relay network, the input-output relation of the first hop, i.e., source (node S) to relays, can be expressed as
where N R is the total number of relays, r j is the L×1 received vector at the jth relay,
T is the random channel vector with independent components which are also independent of the components in the L × 1 AWGN noise vector n j . For a coherent detection scheme, perfect recovery of phase and carrier is possible, therefore, each entry h (l) ij represents the magnitude of the fade sample which is assumed follows the Nakagami distribution. It is also assumed that the channel state information for the relay-destination (R-D) links is available to the destination whereas, those of the source-relay (S-R) links are known to the respective relays. The destination does not require any knowledge of the S-R channels.
In the second hop (time-slot), a relay j forwards the preprocessed signal (x j ) to the destination (node D) provided that the received SNR is greater than a threshold γ th . This signal is received at the destination as
where h jD is the fade sample of the link between relay j and destination, and w j is the receiver noise. The model (2) assumes that the signals received at the destination satisfy the orthogonality condition that is the relay signals do not constitute interference. We have assumed the model in (2) in exposing the diversity benefit of the cooperative networks thereby establishing a lower bound on the performance of the system modifications motivated in Section III.
We complete the discussion of this section with the channel model. The analysis assumes that the fading sample has the Nakagami-m distribution, a versatile statistical model that can model a wide range of wireless environments [20] . For instance, the Ricean model which represents the line-of-sight (LOS) communication is captured through the Ricean K parameter to Nakagami-m parameter transformation,
; moreover, m = 1 gives the Rayleigh fading model. The SNR per symbol γ l at a relay antenna l follows a gamma distribution described by
where 
A. Error Rate Analysis
The overall end-to-end (E2E) error rate P
e,E2E of multiantenna multi-relay and protocol can be approximated, using an approach similar to that presented in [24] as
= P dec P e,r P e,p + P dec (1 − P e,r )P e,coop
The first and second terms represent the component due to cooperation while the third demonstrates the case when cooperation fails. The first term is needed to account for possible error propagation. P e,r is the error probability at the relay given that the received SNR is greater than the threshold, P e,coop is the destination error rate when cooperation is in effect (i.e., more than one relay paths are combined at destination). P dec is the probability that at least one relay performs decoding and forwarding, 2 P e,dir is the destination probability of error when no relay forwards. The impact of the number of relays have been captured by averaging over the possible cooperative scenarios P e,coop and P dec , and therefore, the error probability due to error propagation P e,p can be bounded with the worst scenario, P e,p ≤ 1/2 [24] .
The expression in (4) is an approximation for the following reasons: The cumulative impact of the error propagation by the relays (although small in the multi-antenna scheme) is only represented with a bound. The probability of having diversity combining at the destination is modeled with the assumption that at least one relay forwards. To get the exact value we need to consider all possible combinations of forwarding relays, which will only bring computational complexity with no significant impact on the results. This is deduced from the fact that E2E system simulation results match closely with those obtained using this formulation. P dec is obtained as follows.
Let P (relay r does not forward) = 1 − P (relay r does forward) = 1 − P DF P,r . Then, P dec can be expressed as
where P DF P,r = P DF P , for all r and P DF P is the decodeand-forward probability (DFP).
In symmetric network scenarios assuming that all the relays have the same error performance, then P e,coop can be evaluated for equal-amplitude modulation as follows: First, it is shown below that the probability of error for a Tbranch MRC-receiver in Nakagami-m channel is given as
. The probability that i relays forward which gives rise to (i + 1) diversity branches at the destination is given as
Therefore, P e,coop can be expressed by weighted average over the possible cooperation scenarios as
where
are the incomplete beta and gamma functions [29] , respectively. The parameter λ = g sin 2 (π/M ), M is the modulation constellation size. The parameters g and h are defined according to the modulation scheme and the nature of signal detection. Finally, μ = m/(m + λγ).
By examining (4) and (6) it can be shown that how well the relay performs has a significant impact on the cooperation benefit. For instance, if P e,r is low and P dec is high, one obtains the most desirable benefit from the cooperation:
The result given in (7) provides considerable information. First, relays always have good and reliable signal to transmit. Then, combining these signals at the destination provides the full diversity benefit. This implies that a diversity order equal to N R + 1 can be achieved for terminals with one antenna. Furthermore, since the relay perfectly decodes the source information, the source appears (to the destination) as if it were at the position of the relay, hence, path-loss saving advantage can be exploited. This is visible only in the asymmetric channel scenario that incorporates the distancedependent received power variations.
B. Decode-and-Forward Probability Calculation
The aim in threshold decoding is to ensure that signal forwarded by the relay is reliable since the number of times, reliably detected signal is relayed to the destination has an impact on the cooperation benefit. Therefore, the decodeand-forward probability of relays is an important system performance criterion. Let us now examine the DFP of the multi-antenna relay with threshold DF strategy. We begin with SC where the relay first selects the branch with the largest instantaneous SNR, i.e., γ = max[γ 1 , · · · , γ L ] and then compares it with the set decoding threshold γ th . The joint probability density function (PDF) of selecting n largest from L independently and identically distributed random variables is given in a general form in [25] 
is the cumulative distribution function (CDF). Therefore, for the SC-based relaying protocol and the underlying Nakagamim distribution, the required PDF reduces to
. We employ the functional series representation to rewrite the series in (8) with the help of [29, pp. 19 
leading to the following PDF
and Ω sr is the average power of source-relay channel.
The derivation of DFP of the selection-based DF relay P DF P,SC can be accomplished by using [29, pp. 356, (3.351.2)] as
The infinite summation in the PDF in (8) can be eliminated if integer values of m are strictly considered. Hence, further simplification can be performed leading to an alternative PDF [26] :
With this PDF, a more convenient DFP expression for the selection-based DF relay can be obtained as
The DFP for the MRC reception at the relay can similarly be derived. In this case, assuming that the branch fading amplitudes are statistically independent and distributed with the Nakagami distribution, then γ also follows the Nakagami distribution with a parameter Lm [27] . Thus, the following PDF is obtained
Consequently, the DFP of MRC-based relay detection can be obtained as Fig. 2 shows the improvement in DFP of a relay that is equipped with two antennas (L = 2) and SC or MRC detection is utilized. The figure gives curves for different Nakagami parameter m = 1, 2, 4, and 6. The single antenna case is also shown for comparison purposes. Thus, a significant increase in the number of times the relay decodes and forwards is observed for the dual-antenna. This implies that there is an increase in the number of times the destination relies on diversity combining using signals received via the relays. This, however, has to be complemented by the improved error performance at the relays as shown below. These relay performance indicators (relay error rate and probability of decode and forward) are shown to characterize the system E2E performance.
V. RELAY ERROR PERFORMANCE ANALYSIS In threshold decoding, error performance at the relay implies conditional error. That is, the error performance (residual) given that receiver decodes only when the received SNR is greater than the set threshold. In a clear abuse of notation, to be compact and simple, this conditional dependence will be dropped but should be understood in this context.
We proceed with the derivation of the probability of error at a relay when a threshold is imposed. For a given received SNR γ, the probability of symbol error for equal amplitude modulation (MPSK) can be expressed as where λ = g sin 2 (π/M ). For BPSK M = 2, h = 1/2, g = 1, and equality is satisfied. For higher MPSK constellations h = 1 and for other coherent binary transmission like orthogonal BFSK, M = 2, g = 1/2, h = 1/2 [28] . In this paper, MPSK modulation schemes are used to illustrate the derivations, other coherent modulation schemes that have error rate defined by Q-function in AWGN can be accommodated as well.
Let us express the combined received SNR in this general form
Traditionally, BER is computed by averaging the conditional BER (i.e., (16) ) over the underlying PDF. Following this trend, the error rate for a relay that blindly decodes and forwards (i.e., does not perform threshold detection) is
In the threshold decoding the receiver refrains from detection if the received SNR falls below the threshold γ th . The probability of error at the relay is thus the probability of error in the γ ≥ γ th regimes. Let us call this error performance P e,r (γ, γ th ). Proceeding with the integration in (18) we have
upon which P e,r (γ, γ th ) is expressed as
Next, we evaluate I 1 and I 2 for the MRC-based detection at the multi-antenna relay. The factor υ has been evaluated in Appendix I and the derivation of I 1 and I 2 for SC-based detection is contained in Appendix II.
A. MRC-Based Multi-Antenna Relay and Threshold Decodeand-Forward Strategy
First, we provide the performance expressions for the scenario where MRC-based TDF relaying technique. In this case, using the PDF in (14) , I 1 in (20) is obtained thus,
where this integral can be expressed in terms of generalized hypergeometric function as
Further simplification can be performed by using [29, 
This expression is more compact than the one shown in [31] . To evaluate I 2 we follow the same steps as performed above
It is difficult to obtain a close form expression for the exact integral of (24) . Therefore, two things can be done. The first is to employ numerical integration techniques to evaluate it. The second option is to invoke some approximations that are known to be tight. For example 1/2 erfc(x/ √ 2) has been shown to be well approximated by exp(−x 2 /2)/( √ 2πx), x > 0 [30] . Therefore, (24) can be expressed as
where a convenient expression can then be obtained as
where Γ[a, z] = ∞ z t a−1 e −t dt represents the upper incomplete gamma function. Though, this approximation is tight at high SNR, it is loose at low SNR. In certain scenarios, the low SNR regime may be of interest. Therefore, the following exact expression for low SNR regime is pursued which can be combined with the high SNR regime analysis above for evaluating the system performance. It is noted that erfc( can be written as
with further manipulations, it can be shown that
Similarly, error performance expressions for the SC-based relaying can be derived. The steps are given in Appendix II.
B. On the Selection of Threshold Value
Fig . 3 shows the variation of the BER with the threshold for different network configurations and various values of average SNR (ASNR). The figure demonstrates that multiple antennas at relays can relieve the cooperation's dependence on the threshold decoding protocol, especially when there are few relays and many antennas at these relays. It is found that for large L and small N R , E2E performance is insensitive to the choice of threshold over a wide range of threshold values (Fig. 3) . In this scenario, it is preferred that a threshold is not applied at all. For small L and large N R the choice of threshold is critical. The results also indicate that a good choice for the threshold is γ th ≈ √ 2 γ [dB] which is used in [24] for a simple single antenna relay network. This setting does not generalize for the multi-antenna multi-relay. However, any reasonable threshold setting can be used to compare the system architectures as it provides some indications of their relative performance. Although, such a setting may not produce the best possible E2E performance. Relay threshold SNR (dB) The issue of optimum threshold remains an open problem as it has not received sufficient attention. For instance, recently, it has been shown that in asymmetric relay networks the choice of threshold depends on S-D and R-D channels [32] in contrast to the S-R channels usually used in symmetric relay networks. Therefore, more investigations of this issue is required for any comprehensive conclusion. Fig. 4 shows the performance of the multi-antenna relay in symmetrical networks for different number of antennas (L) at the relay. The relay utilizes MRC and BPSK modulation is used in all the links. Results are shown for m = 1, 2, 6 and L = 1, 2, 4. It is assumed that the fading distributions between the tripartite (source to relay, source to destination and relay to source) are identical. The performance of conventional relaying (see network relay deployment, Fig. 1 (a) ) is shown as well. The evaluation of system performance for non-identical fading conditions is straightforward. For instance, suppose a fixed relay is positioned in such a way that it sees NLOS to the source and LOS to the destination. Assuming that the source have NLOS to destination, the relay-destination channel can be modeled with a suitable m using the Nakagami-m to Ricean K-factor transformation and the source-relay and sourcedestination channels modeled using the Rayleigh distribution (m = 1).
VI. NUMERICAL ILLUSTRATIONS
From Fig. 4 , it is observed that the threshold-based multiantenna relay systems yield significant gains over the referenced single antenna fixed protocol relaying. Let us compare the SNR requirements at an error rate of 10 −2 . The following approximate gains are obtained over the conventional relaying, 10.5 dB (L = 1), 13 dB (L = 2), and 14.5 dB (L = 4) for the Rayleigh channels (m = 1). These gains represent a significant improvement. Furthermore, at BER = 10 −3 , the TDF protocol with dual antenna exhibits about 4 dB superiority over that using a single antenna. When four antennas are deployed, this gain is about 5 dB. For m = 2, however, the gain of dual antennas over the single antenna is about 1.5 dB while that of four antennas is 2.5 dB. From these cases, it can be 
18.0 dB 11.5 dB 13.0 dB 9.2 dB 2 13.2 dB 9.2 dB 9.2 dB 7.6 dB 4 10.8 dB 7.8 dB 7.6 dB 6.1 dB deduced that the diversity gain is better for the multi-antenna system in Rayleigh (m = 1) than in less scattering channels (m > 1) which again confirms the notion of the benefit of the rich scattering environment. Furthermore, with dual antennas, the necessary diversity is already acquired, and only marginal gains are observed for an increasing number of antennas. Fig. 5 shows the performance of the network with N R = 2. We compare this relay network for different number of antennas at a BER = 10 −4 . In Rayleigh fading, it is observed that a gain of 6 dB is achieved for the network
increases only marginally to 7.5 dB which buttresses the point that with dual antenna, the necessary gain is almost derived. For the less severe fading cases (m > 1), we observe that the gains are reduced. For example, for m = 2, a gain of 3. If the cost of these two systems is considered (deploying two relay stations as opposed to installing two antennas on relay stations) this gain as inconsequential can be quickly dismissed, i.e., it is too small in comparison to the concomitant cost and complexity over the network [N R = 2, L = 4]. In fact, as observed, this gain disappears at a less severe fading. In conclusion, the network [N R = 2, L = 4] maybe preferred to that of [N R = 4, L = 2] for deployment purposes considering the capital involvement on land acquisition, labor, maintenance, signalling overhead, radio resources, etc. This conclusion is based on the fact that cooperative diversity is the main interest. In addition, the impact of deploying four antennas on a single relay node as opposed to four relays nodes each with single antenna should be noted (Fig. 7) . Note also that without these results, intuition would have led to the belief that the diversity order for the N R = 4 network is five (N R = 4 + 1). The fact is that it only has the potential of providing this much diversity order. Clearly, Fig. 7 shows that this is not the case. The configuration [N R = 2, L = 4] indicates that adding more antennas (from L = 2 to L = 4) does not provide more diversity order; however, it will only increase antenna gains. Hence, an important conclusion that can be derived is that two antennas are enough to provide the maximum diversity order, but any additional antenna provides only antenna gains. This also helps explain why . For a smaller number of relays (say N R = 2), the gain considerably shrinks. Furthermore, it is observed that though MRC-based relaying is about 2 dB superior to the SC-based counterpart the former is at expense of a huge system complexity and cost in the network [N R = 4, L = 4]. For instance, the MRC requires sixteen separate receiver chains (four at each relay station) while the SC-based requires only four. The low SNR gain cannot offset the cost disadvantage incurred by using MRC. Therefore, SC-based relaying offers an excellent tradeoff between cost and performance. Finally, for higher values of Nakagami parameter (m > 1), MRC still records gains over the SC-based detection but these gains are too small to justify for the cost involved. This, further, tilts the balance in favor of SC-based detection at relays.
We will now compare the SC-based detection for different system configurations (Table I) case necessitates the use of four detection resources. Besides, the resource required for deploying extra relays is not comparable to microdiversity antenna elements. Therefore, deploying microdiversity at relays may result in considerable savings in the number of relays to be deployed in a given area.
VII. CONCLUSION This paper investigates the cooperative diversity achieved when multiple relays and source are engaged in a cooperation in two-hop wireless networks. Since space, cost, and signal processing constraints prohibit the use of a large number of antennas at wireless terminals, the promises associated with multi-antenna techniques can be exploited through such a cooperation by mimicking the performance of a large array of antennas.
Infrastructure-based fixed relays may have the capability to carry multiple antennas in contrast to terminals. Therefore, multi-antenna relay networks are examined. Threshold-based maximal ratio combining and threshold-based selection combining techniques to diversity process the relay signals are analyzed. From the perspective of end-to-end error performance, it is derived that for a given performance requirement, the multiple antennas at relays can significantly reduce the number of relays required in a network area, with a considerable impact on the system deployment investment. The threshold selection combining relaying emerges as an excellent candidate in terms of performance-complexity tradeoff. Furthermore, it is observed that two antennas at the relays are enough to provide the diversity order equal to the number of relays in the network plus one. It is also found that threshold decoding is not required when there are few relays and these relays have large number antennas.
APPENDIX I NORMALIZING FACTOR
For MRC-based relaying, the normalizing factor is 
With the help of [29] , the hypergeometric function can be 
As with (26) for MRC, this approximation is only tight at high SNR. Therefore, it is necessary to find an expression for the low SNR regimes. The steps to the final solution are almost the same as in the MRC derivation. Without repeating those steps, the final expression is given as (37)
